Although the identification of protein interactions by high-throughput methods progresses at a fast pace, "interactome" datasets still suffer from high rates of false positives and low coverage. To map the interactome of any organism, this unit presents a computational framework to predict protein-protein or gene-gene interactions utilizing experimentally determined evidence of structural complexes, atomic details of binding interfaces and evolutionary conservation. Curr. Protoc.
INTRODUCTION
Analysis of protein interactions is crucial for understanding the mechanisms of cell function, and recent advances in experimental methods for the identification of protein-protein interactions have provided extensive data. In some organisms, such as yeast, the map of protein interactions is close to complete, with a relatively high reliability of interactions (Reguly et al., 2006) . However, protein interaction data in many other organisms contain many false positives, while the coverage remains low and only a small fraction of all human protein interactions have been experimentally determined (Stumpf et al., 2008) . One way to provide a more reliable and comprehensive biomolecular interaction network is to employ computational methods for protein interaction prediction and verification. Many different computational approaches to predict protein interactions exist that are based on genomic context, co-evolution, co-expression, or co-occurrence patterns of potentially interacting proteins and their genes (Shoemaker and Panchenko, 2007) . Another group of methods rely on similarities between proteins with unknown interactions and homologous proteins with experimentally observed interactions-methods that are called homology inference approaches (Walhout et al., 2000; Matthews et al., 2001) . However, it has been shown that interaction partners may only be reliably inferred for close homologs (Yu et al., 2004; Mika and Rost, 2006; Dayhoff et al., 2010) . Furthermore, annotations transferred from one homologous protein to another may lead to incorrect interolog assignment, even for close homologs, if they have different binding specificities. Since binding specificity is usually determined by the structural and sequence features of protein interaction interfaces, the correct detection and transfer of interaction interfaces and binding sites is essential. Current binding site prediction methods use either evolutionary conservation of binding site sequence motifs, information about structures of available complexes, or docking approaches if no such data are available (Tuncbag et al., 2011a) . Although there are many different computational approaches to predict protein interactions, comprehensive interactome mapping for many organisms is still far from complete. The knowledge of protein structure may facilitate and improve the annotation of protein function and the characterization of protein binding partners and binding sites.
Since the number of structures of protein complexes increases by a few hundred every month, low-throughput and high-resolution X-ray and NMR methods can be utilized to complement and verify interactions obtained from high-throughput screens and to infer interactions for unknown proteins. Structure-based methods use detailed knowledge of the protein structure to identify binding sites on the basis of the physico-chemical properties of individual residues, their electrostatic contribution, and their location in the 3-D structure (Teichmann et al., 2001; Pazos and Sternberg, 2004) .
A few attempts have been made to map the interactome of yeast on a large scale using structural complexes. For example, Aloy and Russell used a homology inference approach to predict interactions in yeast and evaluated reliability of predicted interactions with knowledge-based pairwise-contact potentials (Aloy and Russell, 2002) . Later, Kim et al. addressed the same topic by mapping the yeast interactome using sequence similarity between proteins from high-throughput interactions and known protein complexes (Kim et al., 2006) . Most recently, a PRISM protocol was introduced for the prediction of protein-protein interactions on the proteome scale utilizing known template protein-protein interfaces (Tuncbag et al., 2011b) . This approach relies on the similarity of interfaces (not necessarily folds) of interacting proteins. The abovementioned structure-based networks found several applications for the determination of diseaserelated genes and annotation of missing protein functions (Huang et al., 2008; Kar et al., 2009; Hosur et al., 2011; Kuzu et al., 2012; Nishi et al., 2013) .
This unit describes how to implement the homology inference approach to annotate the biological interfaces of protein-protein interactions of any given organism. The method and framework are illustrated by mapping the human interactome. Figure 3 .9.1 presents a schematic overview of the rationale behind the procedure, and the details are listed in the Commentary section. The strength of this approach is that it ensures close evolutionary relationships between structural complexes and target proteins, and verifies the interactions and binding interfaces by several means. First, it examines the evolutionary conservation between homologous complexes under the assumption that it is more likely to be biologically relevant and not only lineage-specific if the binding site is conserved among nonredundant homologs. Second, this approach uses algorithms to infer the correct biological assembly ("biounit") and, finally, applies a rigorous scheme to rank binding sites with respect to their relevance to the target protein. The method is called IBIS (Inferred Biomolecular Interactions Server) (Shoemaker et al., , 2012 and can be accessed at http://www.ncbi.nlm.nih.gov/Structure/ibis/ibis.cgi. The IBIS user interface is designed to allow quick access to detailed information about binding sites while simultaneously providing a comprehensible overview of the complex interaction data. The Basic Protocol that follows describes the download and processing procedures necessary to map IBIS interaction data inferred from structures onto a complete set of protein sequences from an organism of choice.
BASIC PROTOCOL

COMPUTATIONAL PREDICTION OF PROTEIN INTERACTIONS ON THE ORGANISM SCALE USING IBIS
A flowchart of the step-by-step protocol is shown in Figure 3 .9.2, and the databases and packages used for this protocol are listed in Table 3 .9.1. The steps of the protocol are the following.
1. Download a complete set of FASTA protein sequences for a given organism from a protein sequence database. The NCBI RefSeq database (Pruitt et al., 2012) can be used, as it provides a nonredundant, comprehensive, and curated set of sequences.
To obtain the FASTA file of RefSeq proteins, go to the NCBI Protein database and search it with the string 'srcdb refseq[prop] AND "Homo sapiens"[ORGN]' replacing "Homo sapiens" with the desired organism. On the obtained Results page towards the upper-right-side, choose "Send to > File" pull-down menu with Format set to "FASTA" to create a FASTA-formatted file for download.
2.
Optional: Obtain the corresponding NCBI Gene record for each protein sequence; for simplicity, select only the longest protein product from each gene. (Stajich, 2007) . It has at 3. Create a local, organism-specific BLAST database from this set of RefSeq proteins for the organism by downloading the blast+ package (Camacho et al., 2009 ) and using the program makeblastdb. 5. Using selected lines/rows of the ftp file, compile the pairs of identifiers from column 13 into a list of single protein identifiers (e.g., "1VI6D, 1VI6A"), with each identifier in an upper-case letter on a separate line with the duplicates removed. Next, parse the binding site locations on both proteins/chains in a complex; namely, look for the corresponding identifier (e.g., "1VI6D") in the first column of the ftp file and extract the third column of binding site locations separated by space [these are locations where the residue numbering starts with the first residue of PDB (Berman et al., 2000) sequence]. Do the same procedure for "1VI6A" protein in a complex.
While gene records are not necessary for mapping protein interaction data onto a proteome, they facilitate gene analysis and are useful to group a gene's protein products and other related RefSeq records. This can be achieved using the NCBI E-utilities retrieval interface which uses URL queries to make Entrez search requests. One convenient wrapper for this interface can be found within the BioPerl package
6. Using this compiled list of IBIS proteins as queries, search for matches against the local, organism-specific BLAST database with the blastp standalone program (suggested E-value threshold = 0.01).
7. Filter the BLAST search results to keep only the most significant match for each query that passes the requirements. Namely, ensure that all or almost all binding sites on IBIS queries are aligned to the organism-specific sequences. Moreover, sequence identity of the alignment should be >50% identity. Next, disregard alignments/matches that do not pass these thresholds. 
This produces a map between sequences from a given organism and interacting IBIS proteins, which allows the transfer of interactions/edges from IBIS interacting pairs to the proteins of interest. At the same time, it produces the annotations of binding sites on the organism-specific sequences.
8. Transfer the identifier from the best-matching organism-specific sequences onto the IBIS interacting pairs and remove those interactions in which one or both sequences do not attain sufficient similarity to a sequence in the local BLAST database. Optionally record, from the IBIS interaction data, which interactions are conserved, "biounit" validated, or use other criteria outlined above. This optional data can be used to subset results for varying levels of confidence.
9. Optional: If gene interaction network is desired, map protein to gene identifiers to create a gene-gene interaction map as described in step 2.
COMMENTARY Background Information
Defining interactions and binding site residues An interaction and binding site is defined if a protein has at least five residues in contact with another protein, and two residues are said to be in contact if any of the heavy-atom inter-atomic distances is shorter than 4 Å. The binding site is defined as a group of residues that make contacts with an interaction partner. There are two types of interactions and binding sites recorded in IBIS: "observed" from experimental structures and "inferred" from homologs.
Inferring interactions from homologs
To ensure their biological relevance, binding sites are clustered and their sequence and structural similarity is assessed. An overview of the process is shown in Figure 3 .9.1. Here the important details concerning the main steps in the processing are discussed.
Collecting homologous complexes
A flowchart that summarizes the inference of binding partners and sites on a query is presented in Figure 3 .9.1. First, IBIS collects homologs with known structures and sequence identity above a certain threshold (25% is used on the Web server). To ensure good quality alignments the VAST structure-structure comparison algorithm is used (Gibrat et al., 1996) . To infer interactions based on homology, proteins that are structurally similar to a given query protein are selected (they are referred to as "homologous structure neighbors"). No sequence redundancy filter is applied to remove structures since removing redundant structures from the consideration decreases the predictive power of the method (Tyagi et al., 2012a) . If an interaction is inferred from a homo-oligomeric complex (complex of identical chains), it is called a selfinteraction.
Measuring similarity between binding sites of different homologs
To cluster the binding sites of the homologous structure neighbors, we construct their structure-structure alignment and define a similarity measure. To capture the similarity of the binding sites, the similarity measure includes both the structural equivalency and sequence similarity. The similarity score between two positions i and j of two binding sites is defined as:
where H is the element of the BLOSUM62 matrix corresponding to the aligned amino acids in positions i and j; ij is equal to 1 if two positions are aligned, and 0 otherwise. θ is an additional weight of "+1" added to each structurally equivalent position. w is a gap penalty of "−4", to mimic the most unfavorable substitution score from BLOSUM62 matrix, which showed the best performance in our preliminary studies. The overall similarity score between two binding sites is calculated by summing up S ij over all positions in the gapped alignment. To facilitate comparison of scores from different alignments, the raw score is converted to a bit score. The bit score is then converted into a conservation score, CS, by dividing by the maximum of the bit scores when the binding sites are scored against themselves (Equation 3.9.2). Clustering and ranking of binding sites A binding site cluster represents a collection of homologous proteins that contain similar overlapping binding sites. Based on the calculated conservation score, CS, the binding sites of the homologs are clustered using a complete-linkage clustering algorithm, which considers the distance between two clusters to be equal to the maximum distance between their members. A distance cutoff value to define the clusters is chosen using a function defined previously (Slonim et al., 2005) . This function F is defined to maximize the mean similarity of members within a cluster and minimize the complexity of the description provided by cluster membership (Slonim et al., 2005) . where T is the temperature factor, S(i,j) is the similarity score between binding site i and binding site j in each cluster, C represents a cluster, |C| is the number of binding sites in the cluster C, and N is the total number of binding sites clustered. The temperature T is a parameter (constant) that is chosen to correctly balance the energy-like and entropylike terms in the function (Slonim et al., 2005) . All binding site clusters are then ranked in terms of their predicted biological relevance and similarity to the query. To account for evolutionary closeness of a given binding site cluster to the query, we use the sequence-PSSM score and the average sequence identity between the query and all cluster members calculated over the full-chain alignment (listed in column 7 of the IBIS ftp files). To rank the larger interfaces more highly, we also calculate the average number of interfacial contacts the binding site makes in the complex of the corresponding homolog.
Finally, we parse biological unit information from the PDB files and employ PISA algorithm (Krissinel and Henrick, 2007) . PISA is an automated method for detecting macromolecular assemblies based on the analysis of interfaces and stability of assemblies reported in crystal structures. Specifically, we use this algorithm to validate proteinprotein interaction interfaces and eliminate those which appear to be the result of crystal packing (see column 9 of the IBIS ftp files).
Critical Parameters
There are certain critical points that must be considered before embarking on the interactome mapping and interpreting the results. First, unzipping the IBIS ftp file will produce more than 70,000 files in different directories and require more than 1 gigabyte of hard disk space. Second, thresholds used to filter out the alignment at step 7 may greatly affect the network. Namely, using very conservative thresholds (80% sequence identity, 100% binding site overlap, only conserved binding site clusters) may produce reliable interactions, but only a limited number of them, so the coverage of the organism interactome might be inadequate. Indeed, upon interpreting the results it is important to keep in mind that there exists a trade-off between specificity and sensitivity upon interactome mapping (Tyagi et al., 2012a) .
Finally, in some of the steps, basic textparsing and script-writing skills, such as for the Perl or Python languages, are necessary. Specifically, in step 2, to optionally map genes to protein sequences and to remove multiple isoforms, scripting is required, which can be assisted with the BioPerl modules. The extraction of interacting sequences from the IBIS data and the subsequent mapping and analysis of BLAST search results with the annotated interactions also require script-writing skills.
Anticipated Results
Structurally inferred interaction networks obtained as a result of this protocol not only offer lists of interaction partners, but additionally provide the atomic detail of their binding interfaces. It can be used to complement and verify high-throughput interactions and, as was shown previously, is more functionally coherent compared to the high-throughput interaction networks (Tyagi et al., 2012b) . Applications of structurally inferred networks can be wide ranging-from the evolutionary analyses of networks derived for different organisms to the analysis of the direct impact of disease mutations on binding sites, with subsequent effect on biochemical pathways.
Time Considerations
Computationally, the most time-consuming step of this protocol is the sequence similarity comparison of the organism-specific sequences to the IBIS interacting sequences using the BLAST algorithm. Depending on the size of the BLAST database and number of query sequences, this search may take several
